Abstract: A pair of mutually twisted metallic cross-wires can produce giant optical activity. When this single chiral layer is stacked layer by layer in order to build a thick chiral metamaterial, strong coupling effects are found between the two adjacent chiral layers. We studied these coupling effects numerically and experimentally. The results show that the existing coupling between chiral layers can make the chiral properties of a two-layered chiral metamaterial different from the constituting single chiral layers. It is explained qualitatively that the coupling effects are generated from the coupling of metallic cross-wires belonging to different chiral layers. Our experimental results are in good agreement with the simulation results. general bi-isotropic metamaterials and its application to optical chiral negative-index metamaterial design," Opt.
Introduction
Metamaterials are artificially structured materials that may possess electromagnetic properties not existing in natural materials. Metamaterials can be composed of dielectric elements or structured metallic components. A lot of novel applications can be realized by using metamaterials, e.g., cloaking [1] , negative refraction [2] , and beaming effect [3] . Traditional metamaterials are composed of continuous metallic wires and split ring resonators (SRRs) [4, 5] . It is found recently that SRRs can even be used to enhance the transmission of electromagnetic waves through a subwavelength aperture [6] from which beaming effect can be generated [7, 8] . Since Pendry proposed that a perfect lens can be realized with negative index metamaterials (NIMs) [9] , studies regarding NIMs have attracted much attention and effort from scientific researchers. NIMs have been realized in artificial structures that consist of continuous metallic wires and split ring resonators (or cut-wire pairs), fishnet structures, and dielectric resonators [2, 5, [10] [11] [12] [13] [14] [15] . In all of these NIMs, a negative index is obtained by adjusting the permittivity and permeability to be negative simultaneously. Although negative permeability (using split ring resonators) can be easily obtained in the microwave frequency range, that is not the case in the optical frequency range [16, 17] . Recently, it has been proposed that a negative index can be achieved alternatively through a chiral route [18, 19] . A chiral material lacks any mirror symmetry. This results in the breaking of the degeneracy of two circularly polarized waves, i.e. right circularly polarized (RCP) waves and left circularly polarized (LCP) waves have different refractive indices. Given a strong enough chirality, it is possible to obtain a negative index for one circularly polarized wave while the permittivity and permeability remain positive. There have been several reports on the investigation of chiral metamaterials [20] [21] [22] [23] [24] [25] [26] that vary from two-dimensional (2D) planar structures to threedimensional structures. However, considering the possible nanofabrication of such structures operating in the optical frequency range, 2D planar chiral structures are thought to be more compatible with the well-established planar technology. In fact, several planar chiral structures have been proposed that consist of bilayered rosettes or cross-wires [20, [24] [25] [26] .
Negative indices were claimed to be obtained due to the very large chirality obtained from these structures [24, 25] .
A straightforward way to construct a bulk chiral metamaterial is to stack the planar chiral structures layer by layer periodically. However, as has been pointed out by Simovski [27] , the bulk metamaterials that are stacked in this way may have properties varied from single layered components due to the coupling effect between the individual layers. For instance, the transmission properties of bulk metamaterials cannot be described by multiplying the transfer matrix of the single layered component. This kind of metamaterial is called a non-Bloch metamaterial, for which a conventional retrieval procedure [28] (using the transmission and reflection coefficients of a single layer structure) cannot provide meaningful effective parameters for the desired bulk chiral metamaterial. A similar situation might occur to the planar chiral structures. To address this problem, in the present paper we numerically and experimentally study the transmission properties of planar chiral structures with a one-layered sample and a series of two-layered samples with different distances between them.
2. The chiral structure consisting of cross-wire pair Figure 1(a) shows one unit cell of the chiral structures under study, which looks similar to that reported in Ref [24] . We have modified the structure of Ref [24] . a little so that the structure looks the same along the two directions of the + z and -z axes. The chiral structure consists of two copper cross-wires patterned on opposite sides of a Teflon dielectric board. The dielectric constant of the Teflon board is ε r = 2.08 with a dielectric loss tangent of 0.0004. The detailed dimensions of the structure can be found in the caption of Fig. 1 .
When an electromagnetic (EM) wave is incident on the planar structure in the direction of the + z axis, the wave propagation in such a chiral structure obeys the following constitutive relations,
where ε 0 and µ 0 are the permittivity and permeability of vacuum. ε r and µ r are the relative permittivity and permeability of the chiral medium. c is the speed of light in vacuum. κ is the chirality. Assuming a time dependence of e -iωt , the RCP ( + ) wave and LCP (-) wave are defined as
. After some deduction [30] , one obtains the refractive index for RCP and LCP waves, In order to study the transmission behaviors of the chiral structures, we carried out simulation and experimental works, in which a linearly polarized EM wave (E field in x direction) is incident on the chiral structure. On the other side of the structure, we measured the transmitted field in the x and y directions (T xx and T yx ). Figure 1 (d) shows the schematic of the measurement method. Due to the fourfold rotational symmetry, circular polarization conversion is absent. The transmission of circularly polarized waves can be converted from the linear transmission coefficients T xx and T yx [24, 31] ,
For the EM wave transmitted, the polarization rotation angle θ can be calculated as where T is the transmission coefficient for κ = 0. k 0 is the wave vector of the EM wave in vacuum, and d is the thickness of the chiral material. It is easy to check that the polarization rotation angle θ 1 = k 0 κd. Figure 1 (c) shows a schematic of an EM wave propagating through two layers of chiral material with the incident wave being linearly polarized. If there are no coupling effects between the two chiral material layers, the chirality of the chiral material layer will remain as κ and the space between the two chiral material layers possesses no chirality. Accordingly, the transmission of the RCP and LCP waves can be calculated as the following,
Obviously, with two layers of chiral material, the polarization rotation angle is θ 2 = 2k 0 κd, which is exactly the sum of the rotation angles of two individual chiral layers. It is noteworthy that this rotation angle is independent of the distance between the two layers of chiral materials. Thus, we obtain the criteria to judge whether there exists a coupling effect between the two layers of chiral metamaterials. If the polarization rotation angle of two chiral layers is equal to twice the rotation angle of a single chiral layer, it implies that the chirality of the chiral layers and the interspace between the layers remains unchanged in the two-layered chiral structure. Otherwise, the chirality of the layers and/or the space between the layers must have changed due to the coupling effect between two chiral layers.
Results of simulation and experiments
In order to study the behaviors of the chiral structures, we conducted numerical simulation and experiments. The simulation works were carried out by using CST microwave studio (Computer Simulation Technology GmbH, Darmstadt, Germany) wherein the finite integration technique was applied. During the simulations, the periodic boundary conditions were applied to the x and y directions, and the absorbing boundary conditions were applied to the z direction. In the experiment, we fabricated the chiral structures with a dimension of 25 by 25 unit cells. The transmission coefficient was measured by an HP-8510C network analyzer with two standard horn antennas. Figure 2 shows the simulation and experimental results for a single layered chiral structure. Figure 2(a) shows the transmission spectra of RCP and LCP waves, and Fig. 2(b) shows the polarization rotation angle θ 1 . The ripples on the experimental data curves in Fig. 2(a) come from the multiple reflections between the chiral structure and the horn antennas. It can be clearly seen that the transmission of RCP and LCP waves are nearly equal at all frequencies. Therefore, circular dichroism is very weak in our chiral structures, and the value of η is close to zero. This behavior is quite different from the results reported in Ref [24] . This is because the loss of our dielectric board is much lower than that in Ref [24] . From Fig. 2(b) , it is seen that the polarization rotation angle reaches maximum at two frequencies f = 10.6 and 10.9 GHz, which corresponds to the magnetic and electric resonances [24, 25] , respectively. Since we are concentrating on the polarization rotation angles of the chiral structure in the present paper, the ellipticity of the transmitted wave η is not shown here. In order to study the possible coupling effect in a two-layered chiral structure, we arranged these two layers in a series of configurations in our simulations, i.e., the distance between the two layers were set as 1, 4, 9, and 14 mm (for convenience, these four configurations were denoted as D1, D4, D9, and D14). Figure 3(a) shows the transmission spectra of the RCP and LCP waves for these four configurations calculated by using CST microwave studio. In Fig. 3(a) , we also show the transmission data for a series of reference chiral structures calculated with transfer matrix method. These reference structures are composed of two effective chiral layers, and between them no coupling effect is considered. The effective chiral layers have an effective thickness of 2 mm, and effective parameters n ± and z that are retrieved [25, 31] from the transmission and reflection data of a single layer of the cross-wire chiral structure [ Fig. 1(a) ]. Obviously, there is significant difference between the transmission spectra of D1 configuration and its reference case. With the increase of the distance between the two chiral layers, the differences of transmission spectra between the two-layered chiral structure and their references become smaller. At last, the transmission spectra of D14 are very similar to that of its reference structure. Figure 3(b) shows the polarization rotation angles for the four configurations. For the convenience of comparison, the polarization rotation angle data of a single layered chiral structure is doubled and shown in Fig. 3(b) . All of the rotation angle data was normalized into domain [-90°, 90°] . From the data shown in Fig. 3(b) , one can see that the rotation angle of configuration D14 is in good agreement with the doubled rotation angle of a single layered chiral structure. However, this agreement does not hold for the other three configurations. Moreover, the closer the two chiral structure layers are, the larger the discrepancy is. These results imply that there exists coupling effects between two chiral structure layers, which can modify the chirality and transmission properties of the single chiral layer and/or the interspace between the two chiral layers when the distance between the two chiral layers is small (e.g. less than 9mm or λ/3, where λ corresponds to the wavelength of magnetic resonance). Furthermore, the coupling effects become stronger when the distance between the two chiral layers becomes smaller. When the distance between the two chiral layers increases to 14 mm (approx. λ/2), the coupling effects decline to a very weak level. Since the period constants of most metamaterials are less than 1/6 of the operation wavelength (here, less than 5 mm), one must consider the strong coupling effects when constructing a chiral metamaterial with multilayer cross-wire chiral structures. Actually, our simulation studies (not shown here) show that similar coupling effects also exist in other planar chiral metamaterials, for instance, bilayered rosettes [20, 25] . Therefore, the strong coupling effects between two adjacent chiral layers are quite general phenomena that one must take into account in designing a planar chiral metamaterials. Figure 4 shows the experimental results for the two-layered chiral metamaterial. For the sake of conciseness, we show the experimental results of only three configurations (D1, D4, and D14). Figure 4(a) shows the transmission spectra of the RCP and LCP waves, and Fig. 4(b) shows the polarization rotation angles for the three configurations, and again, the rotation angle of a single chiral layer is doubled and included in the same figure. From  Fig. 4(b) , it can be clearly seen that only configuration D14 has its polarization rotation angle equal to the doubled rotation angle of a single chiral layer. Our experimental results are in good agreement with our simulation results.
Based on the simulation and experimental results, it can be concluded that when the two layers of a chiral structure are closely placed, these two chiral layers will couple with each other. The coupling effects can affect the chirality of the entire chiral metamaterial. Then, how do the coupling effects arise? To answer this question, we studied the two-layered chiral metamaterial in more detail. It is already known that the chirality of the single layered chiral structure comes from the coupling of the mutually twisted two metallic cross-wires [24] . Along this line of thinking, the two-layered chiral metamaterial can be seen as consisting of four cross-wires. In Fig. 5(a) , we denote these four cross-wires as W1, W2, W3, and W4. Obviously, in the two-layered chiral metamaterial, not only the coupling between W1 and W2 (or W3 and W4) gives rise to chirality, but also the coupling between W2 and W3 (or even W1 and W4) contributes to the chirality of the entire structure. Noting that the distance between W1 and W4 is much larger than that between W2 and W3, the chirality generated from the coupling of W1 and W4 should be much weaker compared to that from W2 and W3. Thus, we primarily studied the coupling effect between W2 and W3. After removing the cross-wires W1 and W4 from the former four configurations (D1, D4, D9, and D14) of the two-layered chiral metamaterials, we obtained the corresponding four new configurations (D1', D4', D9', and D14') only with the cross-wires W2 and W3. Figure 5 (b) is a schematic of the new configuration D14'. Figure 5(c) shows the simulation results of the polarization rotation angles for the four new configurations with W2 and W3. It can be clearly seen that the coupling between W2 and W3 also results in chirality. Especially in the configuration of D1', the chirality is quite strong over a broad frequency range. As the distance between W2 and W3 increases, the chirality in the configuration of D2' and D3′ becomes weaker and only affects a narrower frequency band. When the distance reaches 14 mm (approx. λ/2) in the configurations of D14', the chirality only appears with a very small scale in the close vicinity of the electric resonant frequency. Compared with the chirality that we obtained from the single layered chiral metamaterial (coupling between W1 and W2) in Fig. 2 , the chirality coming from W2 and W3 has an opposite sign at most frequencies. These opposite chiralities can counteract with each other so that the total chiral properties of the twolayered chiral metamaterials (configurations D1, D4, and D9) deviate from the summation of the constituting single chiral layers. Based on the abovementioned results, it is clear that the coupling between W2 and W3 has modified the chiral properties of the interspace between the two chiral layers. Similarly, the coupling between W1 and W4 could also even modify the chiral properties of the constituting single chiral layers. In fact, we also investigated the coupling effect between W1 and W4, which also gives rise to some extent of chirality (data not shown here), although the chirality is relatively weaker compared to the results from W2 and W3.
Conclusions
In conclusion, our numerical and experimental studies confirmed that chirality can be effectively achieved in a twisted double cross-wire structure. When one attempts to build bulk chiral metamaterials by the densely stacking of these double cross-wire structures, strong coupling is found between the adjacent cross-wires that belong to different unit cells. The coupling effects make the chiral properties of the stacked metamaterial different from the single chiral layers. Thus, one cannot predict the chiral behaviors of a bulk chiral metamaterial straightforwardly from the constituting single chiral layers.
